Only a few transcription factors have been described in the regulation of the strawberry (Fragaria x ananassa) fruit ripening process. Using a transcriptomic approach, we identified and functionally characterized FaDOF2, a DOFtype ripening-related transcription factor, which is hormonally regulated and specific to the receptacle, though high expression levels were also found in petals. The expression pattern of FaDOF2 correlated with eugenol content, a phenylpropanoid volatile, in both fruit receptacles and petals. When FaDOF2 expression was silenced in ripe strawberry receptacles, the expression of FaEOBII and FaEGS2, two key genes involved in eugenol production, were down-regulated. These fruits showed a concomitant decrease in eugenol content, which confirmed that FaDOF2 is a transcription factor that is involved in eugenol production in ripe fruit receptacles. By using the yeast two-hybrid system and bimolecular fluorescence complementation, we demonstrated that FaDOF2 interacts with FaEOBII, a previously reported regulator of eugenol production, which determines fine-tuning of the expression of key genes that are involved in eugenol production. These results provide evidence that FaDOF2 plays a subsidiary regulatory role with FaEOBII in the expression of genes encoding enzymes that control eugenol production. Taken together, our results provide new insights into the regulation of the volatile phenylpropanoid pathway in ripe strawberry receptacles.
Introduction
Strawberries (Fragaria x ananassa) are one of the most important soft fruit crops in the world and its quality is largely tied to the ripening process. The latter involves biochemical and physiological changes that occur in the final stages of fruit development and maturation, such as cell wall modification, starch conversion into sugars, anthocyanin pigments biosynthesis, flavour and aromatic volatile accumulation, as well as an increase in polyphenols and other antioxidant compounds (Seymour et al., 2013; Cherian et al., 2014) . All these changes result in the expression of many ripeningrelated genes under the control of a regulatory network that remains poorly understood in non-climacteric fruits, such as strawberries.
Transcription factors (TFs) are essential for gene expression regulation in plants. However, the regulatory role played by different TFs during strawberry fruit ripening is largely unknown. Thus far, two TFs, FaMYB1 and FaMYB10, which regulate the biosynthesis of phenylpropanoids, flavonoids, and anthocyanins in ripe fruit receptacles, have been functionally characterized (Aharoni et al., 2001; LinWang et al., 2010; Medina-Puche et al., 2014) . Additionally, it has been reported that FaMYB10 may also regulate the expression of structural genes belonging to the biochemical biosynthesis pathway that produces phenylpropanoid volatiles (Medina-Puche et al., 2014) . Recently, another MYB TF, FaEOBII, has been identified as a positive regulator of the metabolic pathway in ripe receptacles, which determines the production of the phenylpropanoid volatile eugenol that is synthesized by fruits or flowers, contributes to their aroma, and plays a role as floral attractants for pollinators (Koeduka et al., 2006) . FaEOBII acts through the transcriptional regulation of FaCAD1 and FaEGS2 gene expression. Both genes encode enzymes, a cinnamyl alcohol dehydrogenase and a eugenol synthase, respectively, which are part of this metabolic pathway . Moreover, it has been suggested that a C-type MADS-box gene, SHATTERPROOF-like FaSHP, may be a strawberry ripening gene modulator acting either directly or indirectly through other transcription factors (Daminato et al., 2013) . On the other hand, four TFs, FaMYB9/ FaMYB11, FabHLH3, and FaTTG1, have been described as positive proanthocyanidin (PA) biosynthesis regulators, which are the main flavonoids produced in unripe strawberries (Schaart et al., 2013) . DOF (DNA binding one zinc finger) transcription factors constitute one of the multigene families of plant-specific TFs. They represent a unique class of transcription factors that have bifunctional binding activities with both DNA and proteins and whose DNA binding domain presents in a characteristic zinc finger configuration (Gupta et al., 2015) . Genome analyses have identified a number of DOF genes that vary depending on the species. In Arabidopsis, rice, wheat, and tomato, 36, 30, 31 and 34 DOF genes have been found, respectively (Lijavetzky et al., 2003; Shaw et al., 2009; Cai et al., 2013; Li et al., 2013) , whereas 26 have been identified in barley (Moreno-Risueno et al., 2007) , 28 in sorghum (Kushwaha et al., 2011) , 27 in grass Brachypodium distachyon (HernandoAmado et al., 2012) , 19 in moss Physcomitrella patens, 35 in potato (Venkatesh and Park, 2015) , 76 in Chinese cabbage (Ma et al., 2015) , and a single DOF gene in the green alga Chlamydomonas reinhardtii (Shigyo et al., 2007; Lucas-Reina et al., 2015) .
DOF-TFs have been demonstrated to physiologically regulate many complex and specific plant processes or metabolic pathways. Processes associated with carbon assimilation, light-responsiveness (Lucas-Reina et al., 2015) , seed storage protein accumulation and development (Gaur et al., 2011; Rueda-Romero et al., 2012; Boccaccini et al., 2014; Noguero et al., 2013) , seed germination (Santopolo et al., 2015) , response to phytohormones (Gupta et al., 2015) , plant growth, flowering (Sugiyama et al., 2012; Fornara et al., 2015) , guard cell development (Cominelli et al., 2011; Negi et al., 2013) , and vascular development and functioning (Le Hir and Bellini., 2013; Konishi and Yanagisawa, 2007; , as well as in response to abiotic and biotic stresses (Lijavetzky et al., 2003; Li et al., 2013; Gupta et al., 2015; Ma et al., 2015; Sasaki et al., 2015) . Recently, Noguero et al. (2013) reviewed the plant processes where DOF plays a crucial regulatory role. They divided these processes into three broad categories: seed development, tissue differentiation, and metabolism regulation, although they specified that certain DOF roles overlap these categories (Gupta et al., 2015) . Nevertheless, the biological function of many DOFs is unknown. Recently, several putative DOF TFs have been identified in grapevine and their expression profiles analysed in berry, flower, and seed development, although their physiological function has not been elucidated (da Silva et al., 2016) .
DOF-TFs can serve as transcriptional activators or repressors (Yanagisawa, 2002; Rueda-López et al., 2015; Sugiyama et al., 2012; Franco-Zorrila et al., 2014; Santopolo et al., 2015) . In this sense, the AtDOF4;2 gene was demonstrated to positively or negatively influence phenylpropanoid metabolism in an environmental and tissue-specific manner in Arabidopsis thaliana (Skirycz et al., 2007) . On the basis of environmental conditions or tissue type, this TF positively influences production of hydroxycinnamic acids or negatively affects flavonoid biosynthesis (Skirycz et al., 2007) . Similarly, the maritime pine (Pinus pinaster) PpDof5 TF, which controls ammonium assimilation for glutamine biosynthesis in conifers, is capable of differentially trans-regulating transcription of both GS1a and GS1b promoters of two different glutamine synthetases. Thus, PpDof5 activated transcription of the GS1b promoter and, in contrast, behaved as a transcriptional repressor of the GS1a promoter (Rueda-López et al., 2008) .
Despite the well-characterized functional role of these DOF TFs in the above-mentioned plant processes, the regulatory roles they play in the fruit development and ripening processes are unknown at present.
Previous transcriptomic analyses performed in our research group allowed us to identify two DOF TFs, gene32187 and gene32526, whose expression differentially changed throughout strawberry fruit receptacle development and ripening. This study presents a molecular and functional characterization of the ripening-related FaDOF2 gene from Fragaria x ananassa. FaDOF2 is expressed in the ripening and senescent stages of the fruit receptacle as well as in petals. Molecular and physiological studies show that this TF is involved in the regulation of endogenous eugenol production, a volatile phenylpropanoid in ripe fruit receptacles.
Our study reported on the functional characterization of FaDOF2, a fruit-receptacle specific and ripeningrelated strawberry DOF-like gene. Results revealed that FaDOF2 is a transcription factor involved in eugenol production in ripe fruit receptacles through regulation of the expression of the eugenol synthase gene FaEGS2 and the R2R3 myb TF FaEOBII, both of which play a key role in eugenol biosynthesis (Aragüez et al., 2013; Medina-Puche et al., 2015) .
Materials and Methods
Plant material and RNA isolation Strawberry plants (Fragaria x ananassa Duch. cv. Camarosa, an octoploid cultivar) were grown under field conditions in Huelva (S.W. Spain). Fragaria x ananassa fruits were harvested at different developmental stages: small-sized green fruits (G1, 2-3 g), fullsized green fruits (G3, 4-7 g), white fruits (W, 5-8 g), full-ripe red fruits (R, 6-10 g) overripe fruits (OR, 6-10 g) and senescent fruits (SN, 6-10 g). Vegetative tissues, such as runners, roots, crowns, and expanding leaves, were also harvested. All analysed tissues were immediately frozen in liquid nitrogen upon harvesting and stored at -80°C. Strawberry (Fragaria x ananassa Duch. cv. Elsanta) and Nicotiana benthamiana plants used for agro-infiltration were grown in a plant chamber at 25°C, 10 000 lux and 80% humidity and then maintained in a greenhouse.
Total RNA was isolated, and further purified, from independent pools of strawberry fruits at different growth and ripening stages, and from vegetative tissues, as previously described in MolinaHidalgo et al. (2015) .
Hormone treatments
For auxin treatment, achenes of two sets of 50 full-sized green fruits (G3) each were carefully removed from their receptacles. One set of de-achened G3 fruits was treated with indole-3-acetic acid (IAA) in 1 mL lanolin paste containing 1 mM auxin IAA in 1% (w/v) dimethyl sulphoxide. The other set of G3 de-achened fruits, namely the control group, was treated with the same paste but without IAA. Auxin treatments, sample collection, and analysis were performed according to Medina-Puche et al. (2014) .
For abscisic acid (ABA) experiments, we used either nordihydroguaiaretic acid (NDGA) treatment, an inhibitor of NCED enzyme activity (Creelman et al., 1992) , or silencing of FaNCED1 gene expression by RNAi. Both treatments have previously been demonstrated to decrease endogenous ABA concentration in ripe fruit receptacles (Medina Puche et al., 2014; Li et al., 2015) . Strawberry fruits (Fragaria x ananassa cv. Elsanta) were used in this study at an early white stage of ripening. Treatment was performed in accordance with Medina-Puche et al. (2014) . For water stress treatments, fruit pedicels were kept outdoors and immersed in a Murashige and Skoog (MS) medium with sucrose, which was changed every 2 d in control fruits. The stress treatment conditions and sample analysis were performed as described in Molina Hidalgo et al. (2015) . These samples were used for measurements of ABA content and relative expression of FaDOF2. ABA extraction and high performance liquid chromatography-mass spectrometry (HPLC-MS) was performed as described in Medina-Puche et al. (2014) .
Total anthocyanidin analysis
Anthocyanidin extraction was performed according to MedinaPuche et al. (2014) . Anthocyanidin presence was measured at 515 nm. The amount of anthocyanin was calculated by using E molar =36 000 l mol -1 cm -1 (Woodward, 1972; Bustamante et al., 2009) . Three replicates were performed per analysed treatment.
Eugenol extraction procedure and GC-MS conditions
Eugenol was extracted from strawberry fruit receptacles and petals of fresh tissue powdered under liquid nitrogen. The conditions and procedure used for analysis were described by Medina-Puche et al. (2015) . Table S1 at JXB online). The resulting amplicon was cloned into pCR8/GW/TOPO (Invitrogen) and subsequently transferred to the Gateway pFRN vector using LR clonase (Invitrogen). The RNAi construct generated, pFRN-FaDOF2, was tested by sequencing prior to strawberry plant transformation. The protocol used to generate the FaNCED1-RNAi constructs was similar to that described in Medina-Puche et al. (2014) .
Generation of
The Agrobacterium tumefaciens strain AGL0 (Lazo et al., 1991) , containing pFRN-FaDOF2 or pFRN-FaNCED1, was injected into the strawberry fruit receptacles (Fragaria x ananassa cv. Elsanta), according to Hoffmann et al. (2006) . A total of 15-25 strawberry plants and 30-40 agroinfiltrated fruits were independently inoculated and analyzed. As a control, fruits agroinfiltrated with the empty pFRN vector were used.
In all cases, the silencing percentage was determined by comparing the amounts of FaDOF2 or FaNCED1 transcripts in pFRNFaDOF2 and pFRN-FaNCED1-agroinjected fruits, respectively, against those observed in empty pFRN vector agroinfiltrated fruits.
Microarray generation and analysis
To determine the transcriptomic changes produced by the silencing of FaDOF2 gene expression, we compared changes in the transcriptomes from control pFRN-empty versus FaDOF2-RNAi fruit receptacles. For that, we used a custom-made oligo microarray platform (60-mer length; FraGenomics 35k) containing a total of 34616 singletons corresponding to those sequences published in the strawberry genome project (http://www.strawberry.org). The corresponding data for this experiment were deposited in the NCBI GEO database (www.ncbi.nlm.nih.gov/geo/) with the accession number GSE94606. The microarray characteristics, hybridization, and processing conditions were as described in Medina-Puche et al. (2015) .
Differential expression analysis was performed using the Array Star software DNASTAR. Moderated t-test and false discovery rate (Benjamini and Hochberg, 1995) for multiple testing corrections were used with P<0.01 to statistically identify significant differences.
Validation of microarray data and expression analysis by quantitative real-time PCR
Expression analyses of FaDOF2 and the genes herein analysed and studied under all physiological conditions, as well as the validation of the microarray ( Supplementary Fig. S1 ), were performed by quantitative real-time PCR (qRT-PCR) using an iCycler system (BioRad), as previously described (Benítez-Burraco et al., 2003) . First strand cDNA was obtained from 2 μg total RNA using iScript kit (BioRad), according to manufacturer's instructions. Supplementary Table S1 depicts the primer sequences used for quantitative amplification. Each reaction was performed at least in triplicate, and the corresponding C t values were normalized using the C t value corresponding to an interspacer 26S-18S strawberry RNA gene (Benítez-Burraco et al., 2003; Raab et al., 2006; Encinas-Villarejo et al., 2009; Cumplido-Laso et al., 2012; Molina-Hidalgo et al., 2013) . All these values were later used to determine the relative increase or decrease of FaDOF2 expression in the samples as compared against those in control, in accordance with Pedersen and Amtssygehus (2001) .
Interspacer 26S-18S gene (primers listed in Supplementary Table  S1 ) was selected as control gene owing to its constitutive expression throughout all of the different tested experimental conditions. The efficiency of each particular qRT-PCR and the melting curves of the products were also analysed to ensure the existence of a single amplification peak corresponding to a unique molecular species; Tm of FaDOF2 gene was 87°C and the interspacer 26S-18S gene was 91.5°C.
Analysis of nucleotide and deduced amino acid sequence of FaDOF2 gene
For the in silico analysis of the FaDOF2 gene sequence, resources from the European Bioinformatics Institute server (EBI; http://www. ebi.ac.uk) and the National Center for Biotechnology Information (NCBI, Bethesda, MD; (http://www.ncbi.nlm.nih.gov) were used. Prediction of functional sites and domains was performed using InterProScan 5.0 (http://http://www.ebi.ac.uk/Tools/pfa/iprscan5/). Subcellular location was predicted using WoLF PSORT (http:// www.genscript.com/psort/wolf_psort.html) and CELLO v.2.5 (http://cello.life.nctu.edu.tw/). NLStradamus was used to predict the nuclear localization signal (NLS) of the FaDOF2 protein (http:// www.moseslab.csb.utoronto.ca/NLStradamus/) (see Supplementary  Fig. S2 ). We used BlastP (NCBI) in order to align the amino acid FaDOF2 sequence against databases.
The DOF sequences of A. thaliana and Solanum lycopersicum were downloaded from the Arabidopsis genome TAIR database (http://www.arabidopsis.org/) and the SGN Tomato database (http://solgenomics.net/tolos/blast/index.pl) according to Cai et al. (2013) . To collect all members of the DOF family in strawberry (Fragaria vesca), the amino acid sequence of the DOF domain was used to search for potential DOF-domain homologue hits in the whole genome sequence of F. vesca with BLASTP at the PFR Strawberry Blast Server (http://strawberry.plantandfood.co.nz/) (Shulaev et al., 2011) . Major characteristics of DOF proteins are listed in Supplementary Table S2 . Both pI and Mw were calculated using the Compute pI/Mw tool (http://www.expasy.ch/tools/pi_tool. html). Multiple sequence alignment and phylogenetic tree construction were performed with the EBI ClustalOmega program and the FigTree program (http://tree.bio.ed.ac.uk/software/figtree), respectively, using a bootstrap analysis with 1000 replicates.
Cloning the full-length sequence of FaDOF2 and subcellular location of the FaDOF2 protein
Constructs used for transient gene expression and localization studies were derived from binary vectors pK7WGF2,0 and pK7FWG2,0, which allow N-and C-terminal GFP fusion to FaDOF2 protein, respectively (Karimi et al., 2002) . The 906 bp coding sequence of the strawberry FaDOF2 gene was amplified (primers listed in Supplementary Table S1 ) and cloned into entry vector pDONR TM 221 (Invitrogen) using the BP recombination reaction (Invitrogen). Sequence verified full-length cDNA was subsequently transferred to the pK7WGF2,0 and pK7FWG2,0 vectors, using the LR recombination reaction (Invitrogen), resulting in 35S::GFP::FaDOF2 and 35S::FaDOF2::GFP fusions, respectively. Generated GFP constructs were tested through sequencing prior to Nicotiana benthamiana leaves transformation.
The methodology used for agroinfiltration visualization and subcellular localization of the protein has been previously described Molina-Hidalgo et al., 2015) .
Protein purification and determination of FaDOF2 DNA-binding specificity Translational fusion of FaDOF2 to MBP was obtained by cloning its corresponding cDNA into the pMAL-c2 vector (New England Biolabs) by a Gateway TM LR reaction from pDONR TM 221::FaDOF2. The recombinant insert was verified by sequencing and the plasmid introduced into the E. coli BL-21 strain. Expression and purification of recombinant protein was also described for the pMAL purification system (New England Biolabs). FaDOF2 DNA-binding specificity was determined using protein binding microarrays (PBM11) using soluble protein extracts from an induced E. coli culture, as described (Godoy et al., 2011; Franco-Zorrilla et al., 2014) . (James et al., 1996) , respectively, and used in yeast-two-hybrid experiments, as described by de Folter et al. (2005) . Yeast transformants were grown in appropriate selective liquid media (-Leu or -Trp) for 6 h and cell density was adjusted to 3 × 10 7 cells mL -1 (OD600=1). A 5 µL sample of the cell suspensions was plated out on yeast synthetic dropout lacking His, Leu, and Trp, and supplemented with increasing concentrations of 3-aminotriazole to test protein interaction. Controls for yeast transformation were grown on plates lacking Leu and Trp (not shown). Plates were incubated at 28ºC for 2-4 d. pDEST32-FabHLH3 and pDEST22-FaMYB9 were used as positive controls (courtesy of Dr Jan Schaart; Wageningen UR Plant Breeding, The Netherlands). Empty vectors, pDEST22 or pDEST32, were also cotransformed as negative controls. GenBank accession number for genes are FaEOBII, KM099230; FaMYB9, JQ989281; FabHLH3, JQ989284.
Yeast-two-hybrid interaction study

Bimolecular fluorescence complementation assay
Through a bimolecular fluorescence complementation (BiFC) assay, FaDOF2 and FaEOBII were translationally fused to the N-and C-terminal domains of Yellow Fluorescent Protein (YFP) by LR Gateway recombination reaction between the entry vector pDONR221®, harboring the FaDOF2 and FaEOBII ORFs, and the destination vectors pE-SPYCE-GW and pE-SPYNE-GW (courtesy of Drs. Caroline Mayer and Wolfgang Dröge-Laser; Lehrstuhl für Pharmazeutische Biologie, Julius-Maximilians-Universität Würzburg). Freshly prepared onion epidermal peels were co-bombarded with 1 μm gold particles, coated with the proper DNA constructs, using a biolistic Helium gun device (DuPont PDS-1000; BioRad Laboratoires, Hercules, CA, USA). The fluorescence emission was measured after 48 h of incubation at 22°C in the dark, in an epifluorescence microscope PALM MicroBeam (Carl Zeiss, Inc., Germany). Each bombardment was performed in four independent plates and complementation was confirmed in two independent assays.
Statistical analysis of data
Statistical significance was tested with one-way ANOVA and a Scheffe post-hoc test or with a Student's t-test using SPSS software.
Results
Transcriptomic analyses show that FaDOF2 is a ripening-related gene
A custom-made oligo-based microarray platform, FraGenomics35K, was used to perform a comparative analysis of the transcriptomes of green (G2 stage) and full red-ripe strawberry fruit receptacles (R-stage) (Medina-Puche et al., 2016) . This study identified 25 putative DOF TFs genes, all of which were expressed in both the G2 and R, Fragaria x ananassa, strawberry fruit receptacle transcriptomes (Supplementary  Table S2) .
Of all 25 FaDOF TFs, only two were differentially expressed when comparing green and red stage-fruit transcriptomes. Gene32187 (FaDOF1) expression was down-regulated, whereas gene32526 (FaDOF2) expression was up-regulated in red-ripe receptacle transcriptomes, which suggests that they may be involved in regulating different fruit receptacle development and ripening-related processes, respectively. We have proceeded to functionally characterize the DOF TF corresponding to gene32526, hereinafter FaDOF2, as its expression pattern was ripening-related, fruit-specific, and showed a high level of transcripts within the red-ripe receptacle transcriptome, indicating that could be related to organolecptic properites.
Isolation and sequence analysis of the FaDOF2 gene and protein
The full-length cDNA sequence of the FaDOF2 (KP100112) gene was amplified from Fragaria x ananassa cv Camarosa. The sequence of the 906 bp cDNA isolated was 97% identical to the gene32526 from F. vesca, encoding a 301 amino acid protein, and it has a predicted molecular mass of 33.7 kDa.
The corresponding amino acid sequence had significant sequence homology with that of other genes encoding DOFs from higher plants that ranged from 44% to 60% ( Fig. 1 and Suppementary Fig. S3 ).
Bioinformatic analysis of FaDOF2-deduced protein sequence showed a conserved DOF DNA-binding domain comprised of 52 amino acids located in the N-terminal region of the protein. This domain includes the conserved four cysteine residues, CX 2 CX 21 CX 2 C, separated by a loop of 21 amino acids, which are involved in the formation of the zinc finger sequence that is essential for DNA-binding activity (Yanagisawa et al., 2004; Umemura et al., 2004) . In addition, the two conserved aromatic residues, Tyr 70 and Trp 71 , which play a major role in DNA binding at the C-terminal of this region (Shimofurutani et al., 1998; Umemura et al., 2004) , were also identified in the FaDOF2 sequence ( Supplementary  Fig. S3 ).
FaDOF2 protein is located in the nucleus
Bioinformatic analyses of the FaDOF2 amino acid sequence revealed that FaDOF2 was predicted to be located into the nucleus. The DOF atypical bipartite NLS motif, with a 26 amino acid-long linker between its flanking basic regions (Krebs et al., 2010) , was also found within FaDOF2 Fig. 1 . The phylogenetic analysis and multiple sequence alignment of all DOF genes in F. vesca, tomato and Arabidopsis. FaDOF2 sequence from Fragaria x ananassa was included. The unrooted tree of all the DOF genes in three species was constructed from a complete alignment of 91 DOF proteins using the Clustal OMEGA method. Strawberry, tomato and Arabidopsis genes are indicated at the end of branches, respectively.
( Supplementary Fig. S2 and Fig. S3) . This NLS has been demonstrated to direct Arabidopsis DOF proteins into the cell nucleus (Krebs et al., 2010) , which suggests a subcellular localization of FaDOF2 in the nuclear compartment.
These bioinformatic data were confirmed by confocal microscopy experiments where the full-length coding sequence of FaDOF2 was fused to GFP at the N-or C-terminal region, FaDOF2::GFP or GFP::FaDOF2, respectively, under the control of the Cauliflower Mosaic Virus 35S promoter. Fusion proteins were transiently expressed in epidermal cells of N. benthamiana, and as expected from both binary constructions, the fluorescent signal was detected exclusively in the nucleus and co-localized with nucleic-specific DAPI stain ( Supplementary Fig. S4) .
High throughput transcriptomic analysis shows that FaDOF2 is a key regulator of the volatile benzenoid/ phenylpropanoid pathway
The potential regulatory role played by FaDOF2 in the expression of genes involved in strawberry fruit receptacle ripening was assessed through transcriptomic studies (Supplementary Tables S3 and S4 ). To this end, expression of FaDOF2 was transiently down-regulated in several fruit receptacles by RNAi. The degree of FaDOF2 gene expression silencing was analysed in these transgenic fruits. Only those fruits with a silencing percentage above 95% were selected for transcriptomic analysis (Fig. 2) . For comparative analysis, agroinfiltrated control fruits with the empty pFRN vector were used. Our assays revealed that those genes with differential expression values below 3-fold in the microarray studies where not consistenly differentially expressed by qRT-PCR. Thus, in this work, to select genes significantly differentially expressed in FaDOF2 RNAi experiments, we choose a 3-fold cut-off, with a corrected P-value<0.05 and an intensity cut-off >700 a.u.i. (Supplementary Fig. S5 ). Experimental data contained in the array are deposited in GEO database with the accession number GSE94606. According to the 'guilt-by-association' principle (Movahedi et al., 2012; Rhee and Mutwil, 2014) , we focused our study on those genes whose expression was also ripening-related (Medina-Puche et al., 2016 ; experimental data contained in the array are deposited in GEO database with the accession number GSE95300). With these criteria, the microarray analysis revealed that, in FaDOF2-silenced fruits, only the expression of seven out of the 34616 putative genes represented in the array were down-regulated, whereas no transcripts were up-regulated (Table 1) . Interestingly, the genes whose expression was found to have reduced in FaDOF2-silenced fruit receptacles included the gene encoding FaEOBII TF (gene28435), as well as the gene corresponding to ripening-related eugenol synthase 2 (FaEGS2; gene25260) . Independent RNAi silencing experiments were performed to ascertain down-regulation of these genes in FaDOF2 RNAi silenced fruit receptacles by qRT-PCR. Interestingly, the expression of FaMYB10 remained unchanged in these fruits (Fig. 2) . In FaEOBII-silenced receptacles, a reduction of FaDOF2 expression was also observed, which shows that there is some type of co-regulation between both transcription factors (Fig. 3b) . However, in FaMYB10-silenced receptacles, FaDOF2 expression remained unchanged (Fig. 3b) . Considering the down-regulation of FaEGS2 gene expression in FaDOF2-silenced receptacles, as well as the involvement of the FaEGS2 enzyme in eugenol production (Aragüez et al., 2013) , the eugenol content in FaDOF2-silenced fruits was also analysed. Results showed a significant decrease in eugenol content (Fig. 4a) in FaDOF2-silenced fruits, whereas anthocyanin content remained unchanged (Fig. 4b) . These results indicate that FaDOF2, as previously shown for FaEOBII , is involved in eugenol biosynthesis in ripe strawberry fruit receptacles, probably through regulation of FaEGS2 expression.
FaDOF2 binds to the DOF-binding sequence in vitro
In vitro DNA binding assays have demonstrated that the core sequence AAAG is essential for DNA recognition of DOF transcription factors (Yanagisawa, 2002) . In light of the low complexity of this core sequence and the high number of such motifs that may be found in promoters, we studied DNA binding FaDOF2 preferences in further depth using Protein Binding Microarray (PBM11), which contains all possible 11-mer sequences (Godoy et al., 2011) .
Evaluation of the 8-mer sequences recognized with highest affinities revealed ~80 motifs with an enrichment score (E-score) above 0.45 -considered as high specific binding -all containing the core sequence AAAG (Supplementary Table  S5 ). These results are very similar to those obtained for other DOF proteins from plants and algae, which suggest that the DNA recognition patterns of DOF factors are broadly preserved in the kingdom (Franco-Zorrilla et al., 2014; Weirauch et al., 2014) . Distribution of the E-scores of the motifs containing the core AAAG suggested that, while necessary, not all the sequences containing the core are recognized to have high affinity (Fig. 5) . In fact, composition of the flanking nucleotides of the core motif determines binding affinity, as the sequences containing the motif A[A/T]AAAGT are bound with the highest affinity (Fig. 5a,b) . While some variants of this consensus sequence are permitted with high affinity, others result in very poor binding of the FaDOF2 protein, for example A[C/G]AAAGT. Alignment of such motifs recognized to have high affinity are provided the graphical representation shown in Fig. 5b .
Taken together, these results allowed for defining more precisely the motif A[A/T]AAAGT as the highest affinity sequence recognized by FaDOF2, which will contribute to strengthening the prediction of target promoters.
Bioinformatic analysis of promoter sequences located along the down-regulated genes in fruits where FaDOF2 expression was RNAi-silenced have identified several A[A/T] Table S6 ), which shows that FaDOF2 could directly regulate those genes. In F. vesca, FvEGS2 and FvEOBII promoters present a high number of this motif (Fig. 6 ). FaEGS2 and FvEGS2 promoters also present several MBSII, the boxes of which are recognized by FaEOBII . This result would support the assumption that FaDOF2 and FaEOBII act synergistically over the FaEGS2 promoter.
AAAGT motifs recognized by FaDOF2 (Supplementary
FaDOF2 interacts with FaEOBII, a R2R3 MYB transcription factor that regulates eugenol biosynthesis in red-ripe fruit receptacles
It has previously been reported that DOF TFs can interact with MYB TFs (Díaz et al., 2002; Díaz et al., 2005; González-Calle et al., 2014) . It was demonstrated that FaEOBII, a R2R3 MYB ripening-related transcription factor, contributes to FaEGS2 regulation , which suggests that both TFs may contribute to regulation of FaEGS2 expression. To determine whether FaDOF2 and FaEOBII interact, a yeast-two-hybrid strategy was employed, as well as a BiFC assay. In yeast, the co-expression of FaDOF2 fused to the GAL4 DNA-binding domain (BD) and FaEOBII fused to the GAL4 DNA-activating domain (AD), and vice versa, which resulted in yeast cells being able to grow on synthetic medium lacking His, Leu, and Trp, supplemented with 3-aminotriazole at concentrations higher than 20 mM, was rated as a positive interaction. We found growth in the interactions between FaDOF2 and FaEOBII in both vector combinations (Fig. 7a) . Similarly, we also observed growth in the interaction between FabHLH3 and FaMYB9, which was used as a positive control interaction, as expected (Schaart et al., 2013) . The BiFC assay was additionally performed to further test the interaction between FaDOF2 and FaEOBII in vivo. FaDOF2 and FaEOBII were co-transformed into an epidermal onion cell by microparticle bombardment. Using confocal microscopy, only YFP fluorescence was detected in the nucleus (Fig. 7B) . No fluorescence was detected in negative controls.
These results showed that both FaDOF2 and FaEOBII are able to physically interact, both in vitro and in vivo, which suggest that both TFs could act synergistically to regulate FaEGS2 expression and hence eugenol production in red-ripe receptacles. Further, this result confirms the nuclear localization of FaDOF2.
FaDOF2 is ripening-related, strongly expressed in fruit receptacles and petals, and correlates with eugenol production in both tissues
The spatio-temporal expression pattern for FaDOF2 was analysed by qRT-PCR. Results showed that FaDOF2 was expressed at low levels during fruit development (G1 and G3 stages), but it drastically increased its expression at the ripening and senescent stages (R, OR, and SN stages) of fruit receptacle development (Fig. 8a) . However, no significant expression was detected in achenes when compared against the expression level observed in red fruit receptacles (Fig. 8b) . This expression increase was followed by a rise of both FaEGS2 expression and eugenol content in ripe receptacles ( Supplementary Fig. S6 ). In vegetative tissues, such as leaves, crowns, roots or stolons, FaDOF2 was only expressed at low levels (Fig. 8c) . Additionally, in petals, where the eugenol content was high, FaDOF2 expression was also highly expressed ( Fig. 8c and Supplementary Fig. S7 ). All these expression The core sequence AAAG is highlighted in blue and the flanking variable nucleotides appear in red. Boxes represent quartiles 25% to 75% and the black line represents the median distribution (quartile 50%). Bars indicate quartiles 1% to 25% (above) and 75% to 100% (below). The red box is not significant because it has a mutation in the core sequence, showing less affinity. B) Logo representation of the consensus sequence recognized by FaDOF2, obtained upon aligning motifs with E-scores>0.45 shown in Table 1 .
results suggest that FaDOF2 regulates physiological processes related to eugenol production in both tissues.
Expression of FaDOF2 is antagonistically regulated by hormones involved in receptacle fruit growth and ripening
Recent studies have shown that ABA plays an important role in strawberry fruit ripening regulation Jia et al., 2011; Li et al., 2015) and that auxin produced by achenes stimulates receptacle growth and subsequently inhibits fruit ripening (Perkins-Veazie, 1995) . Additionally, the expression of the vast majority of ripening-related genes related to the organoleptic and quality properties of the strawberry fruit was demonstrated to be antagonistically regulated by both auxins and ABA. To study the effect of ABA on the FaDOF2 expression, two independent experiments were carried out by decreasing FaNCED1 enzymatic activity by injecting the inhibitor NDGA and by silencing FaNCED1 expression to reduce the internal content of ABA in fruit receptacles. As expected, a clear decrease in both endogenous ABA content Camarosa. qRT-PCR results were obtained using specific primers for FaDOF2. Quantification is based on Ct values. The increase in the mRNA value was relative to the receptacle G1-Ct value in all experiments, which was assigned an arbitrary value equal to unity. Mean values±SD of five independent experiments are shown. G1, small-sized green fruit; G3, full-sized green fruit (both stages of development); W, white stage; R, red stage; OR, overripe stage; SN, senescent stage; REC G1, receptacle G1; REC R, receptacle R. Statistical significance was determined by one-way ANOVA. Letters indicate significant differences (P<0.05, Scheffe post-hoc test).
and FaDOF2 expression was found (Fig. 9a,b) . Similarly, water stress is well known to induce ABA accumulation. For this reason, FaDOF2 gene expression and ABA content were measured in fruits kept under water stress conditions. After 4 d, a clear increase in FaDOF2 expression was identified that correlated with higher ABA content (Fig. 9c) .
As shown in Fig. 9d , when comparing FaDOF2 expression in fruit receptacles 5 d upon removal of achenes in G2 fruits versus control fruits, an increase in expression was observed. Moreover, this induction was abolished by external IAA application to de-achened fruits, which indicates negative regulation by auxins.
All these results showed that, as with the vast majority of genes related to the fruit quality properties, expression of FaDOF2 is regulated by both ABA and auxin levels in receptacle fruits.
Discussion
FaDOF2 regulates expression of two key genes related to eugenol biosynthesis in strawberry fruit receptacles
Comparative transcriptomic analyses between the genes expressed in FaDOF2-RNAi-silenced receptacles versus control receptacles, and further supported by qRT-PCR validation, showed down-regulation of the expression of a reduced subset of genes ( Fig. 2 and Table 1 ). They include a clear effect on FaEGS2 and FaEOBII expression, two ripening-related genes. FaEGS2 encodes a eugenol synthase, a key enzyme that catalyses eugenol formation in red receptacles (Aragüez et al., 2013) , whilst FaEOBII encodes a R2R3 MYB TF that regulates FaEGS2 expression and influences eugenol production . In strawberry fruits, two different enzymes, FaEGS1 and FaEGS2, are related to eugenol production (Aragüez et al., 2013) . Both enzymes are encoded by two different genes that are differentially expressed during fruit development and ripening. In this regard, FaEGS1 was demonstrated to be mostly expressed in green achenes, whereas FaEGS2 expression was largely restricted to ripe fruit receptacles. The expression pattern of these genes correlated with eugenol content in both type of tissues (Supplementary Figs S6, S8-S10 ). Our transcriptomic results indicate that FaDOF2, similarly to what was described for FaEOBII, may also influence eugenol biosynthesis through activation of FaEGS2 gene expression. Expression of FaEOBII was also under positive regulation by FaDOF2 (Fig. 2 and Medina-Puche et al., 2015) . Involvement of FaDOF2 in eugenol biosynthesis is also supported by the fact that, in fruit receptacles where the FaDOF2 gene expression was silenced, a concomitant reduction of FaEGS2 gene expression and eugenol content was observed, which confirms FaDOF2 gene expression and eugenol production are directly correlated (Fig. 2 and Fig. 4a ). These results were very similar to those observed when FaEOBII expression was also silenced in ripe fruit receptacles . Interestingly, comparative transcriptome analysis performed in ripe fruits, where expression of FaEOBII was silenced in ripe receptacles, showed a down-regulation of FaDOF2 expression .
FaDOF2 physically interacts with FaEOBII a R2R3 MYB TF
It has been described that yeast two-hybrid analysis often produce false positives, however the fact that the results obtained by yeast two-hybrid and BiFC were coincident, strongly support the interaction between both transcriptional factors. We have demonstrated, in vivo and in vitro, that FaDOF2 can interact with FaEOBII (Fig. 7) . Protein-protein interactions between DOF and MYB proteins have been widely described (Gupta et al., 2015 and references herein) . For instance, by using the yeast two-hybrid system, the physical interaction between BPFP, a seed-specific DOF protein from barley, and HvGAMYB was demonstrated. HvGAMYB increases BPFP transactivation efficiency and both TFs are part of a regulatory complex that regulates expression of endosperm-specific genes during seed development (Díaz et al., 2002) . Moreover, BPFP can set a ternary complex comprised of BPFP, HvMYBS3, and BLZ2, a bZIP protein (Rubio-Somoza et al., 2006) . On the other hand, in banana fruit ripening, MaDof23 has been described to physically interact with an ethyleneresponsive element-binding factor, MaERF9, acting antagonistically to regulate ripening-related genes associated with cell wall and aroma (Feng et al., 2016) .
FaDOF2 and FaEOBII synergistically regulate the expression of FaEGS2
Hierarchical relationships between the network of transcription factors that regulate the shikimate pathway and the production of volatile phenylpropanoids have been well characterized in Petunia hybrida petals. This regulatory system involves three R2R3 MYB TFs, namely PhEOBII, ODO1 (ODORANT1) and EOBI (Verdonk et al., 2005; Schuurink et al., 2006; Spitzer-Rimon et al., 2010; Van Moerkercke et al., 2011; Spitzer-Rimon et al., 2012) . PhEOBII directly regulates expression of ODO1 and EOBI, which in turn regulates expression of several structural genes corresponding to the biosynthesis pathway of volatile phenylpropanoids. However, our results suggest that the regulatory system of FaEGS2 is different in ripe strawberry receptacles. According to our experimental results, FaMYB10 would activate expression of FaEOBII that subsequently induces expression of FaCAD1 and FaEGS2 and, as a result, induces eugenol production . Additionally, FaEOBII would activate FaDOF2 expression. Both TFs would interact, playing a synergistic role in the transactivation of the FaEGS2 promoter and thus encouraging eugenol biosynthesis. A regulatory transcriptional loop between FaDOF2 and FaEOBII would be likely to strengthen the intensity of the regulation of structural genes FaCAD1 and FaEGS2.This regulatory loop could determine a fine-tuning of the expression of two key genes, FaCAD1 and FaEGS2, which are responsible for eugenol production.
FaDOF2 is a ripening-related TF
The expression pattern of FaDOF2, FaEOBII, and FaEGS2 genes was ripening-related and chiefly confined to fruit receptacles, where high levels of expression for the three genes were observed ( Fig. 8a and Supplementary Fig. S6 ; Medina-Puche et al., 2015) . A high expression level in flowers was also observed, where expression was restricted to petals ( Supplementary Fig. S7 ). However, expression in vegetative tissues, such as roots and leaves, was lower (Fig. 8c ). This expression pattern was virtually identical to that of FaEOBII, FaCAD1, and FaEGS2, genes that have been functionally characterized as being related to eugenol production in ripe fruit receptacles (Aragüez et al., 2013; Medina-Puche et al., 2015) , as well as other ripening-related genes that have been previously characterized as being physiologically involved in many metabolic processes that are responsible for the organoleptic properties of the strawberry fruit (Medina-Escobar et al., 1997; Moyano et al., 1998; Trainotti et al., 1999; Benítez-Burraco et al., 2003; BlancoPortales et al., 2002; Blanco-Portales et al., 2004; Raab et al., 2006; Griesser et al., 2008; Cumplido-Laso et al., 2012; Molina-Hidalgo et al., 2013; Medina-Puche et al., 2014; Molina-Hidalgo et al., 2015) . These results, together with those from transcriptomic and metabolomic studies, show that FaDOF2 maybe involved in eugenol production regulation through transactivation of FaEGS2 (Fig. 6 ), in at least ripe fruit receptacles and petals. Whilst FaDOF2 expression is higher in red receptacles than petals ( Fig. 8c and Supplementary Fig. S7 ), the expression of FaEOBII and FaEGS2 present higher levels in petals than in red-ripe receptacles. Both expression patterns correlate more clearly with the eugenol content in petals. These facts suggest that FaEOBII would be, in quantitative terms, most dominant in determining the amount of eugenol content. Involvement of DOF genes in phenylpropanoid metabolism regulation has been previously reported. For instance, in Arabidopsis cultured cells, overexpression of a set of DOF genes resulted in changes in the metabolomic and transcriptomic profiles, which were putatively involved in the regulation of genes related to phenylpropanoid and flavonoid metabolism (Tsujimoto-Inui et al., 2009) . On the other hand, also in Arabidopsis, AtDOF4;2 behaves as an activator or a repressor of structural genes corresponding to phenylpropanoid metabolism, in an environmental and tissue-specific manner (Skirycz et al., 2007) . MaDof23 has recently been reported as a transcriptional repressor and regulator of fruit ripening in banana, acting over genes associated with cell wall and aroma formation (Feng et al., 2016) .
The expression of FaDOF2 is under the antagonistic influence of auxins and ABA
Auxins and ABA are the two main hormones that control strawberry fruit receptacle development and ripening, whilst the balance between both hormones determines the trigger towards maturation and associated inherent physiological changes, as described extensively in the literature (PerkinsVeazie et al., 1995; Chai et al., 2011; Jia et al., 2011; MedinaPuche et al., 2014) . This dual regulation has also been observed for other genes whose expression is also up-regulated throughout strawberry fruit ripening (Cumplido-Laso et al., 2012; Daminato et al., 2013 : Molina-Hidalgo et al., 2013 Molina-Hidalgo et al., 2015) , including previously characterized ripening-related TFs, such as FaMYB10 (Medina-Puche et al., 2014) and FaEOBII . All these studies molecularly support that ABA is the hormone that determines the transition between fruit development and ripening. As with other strawberry ripening-related genes, FaDOF2 expression is antagonistically regulated by auxins and ABA. When ABA content in ripe receptacles was diminished, a decrease in FaDOF2 expression was observed. On the contrary, when ABA content was increased, a concomitant increase in FaDOF2 expression was observed (Fig. 9a,c) . The decline in the internal auxin content in green unripe receptacles caused an increase in FaDOF2 expression (Fig. 9d) . The parallel between spatio-temporal expression patterns and hormonal FaDOF2 and FaEOBII regulation reinforces the relationship between the two TFs driving eugenol biosynthesis regulation.
Conclusion
In ripe strawberry receptacles, eugenol production requires the involvement of three TFs
Our results indicate that regulation of eugenol biosynthesis necessitates a regulatory network requiring interactions between three TFs; two R2R3 MYB TFs, FaMYB10 and FaEOBII, and a DOF TF, FaDOF2. FaMYB10, described as a master regulatory gene, would positively regulate FaEOBII expression, which in turn acts in conjunction with FaDOF2 in regulating eugenol production through the control of FaEGS2 expression. Thus, our findings provide new insights into the transcriptional regulatory network involved in strawberry fruit ripening.
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